Photosystem II (PSII) is the most thermolabile photosynthetic complex. Physiological evidence suggests that the small chloroplast heat-shock protein 21 (HSP21) is involved in plant thermotolerance, but the molecular mechanism of its action remains largely unknown. Here, we have provided genetic and biochemical evidence that HSP21 is activated by the GUN5-dependent retrograde signaling pathway, and stabilizes PSII by directly binding to its core subunits such as D1 and D2 proteins under heat stress. We further demonstrate that the constitutive expression of HSP21 sufficiently rescues the thermosensitive stability of PSII and survival defects of the gun5 mutant with dramatically improving granal stacking under heat stress, indicating that HSP21 is a key chaperone protein in maintaining the integrity of the thylakoid membrane system under heat stress. In line with our interpretation based on several lines of in vitro and in vivo protein-interaction evidence that HSP21 interacts with core subunits of PSII, the kinetics of HSP21 binding to the D1 and D2 proteins was determined by performing an analysis of microscale thermophoresis. Considering the major role of HSP21 in protecting the core subunits of PSII from thermal damage, its heat-responsive activation via the heat-shock transcription factor HsfA2 is critical for the survival of plants under heat stress. Our findings reveal an auto-adaptation loop pathway that plant cells optimize particular needs of chloroplasts in stabilizing photosynthetic complexes by relaying the GUN5-dependent plastid signal(s) to activate the heat-responsive expression of HSP21 in the nucleus during adaptation to heat stress in plants.
INTRODUCTION
All organisms respond to heat stress by altering their gene expression patterns and inducing the synthesis of a group of evolutionarily conserved polypeptides known as heatshock proteins (HSPs). HSPs constitute the most abundant and diverse group of proteins, including a number of conserved protein families: the HSP100s, HSP90s, HSP70s, HSP60s and the small HSPs (sHSPs; Kotak et al., 2007; von Koskull-Doring et al., 2007) . The HSPs function as chaperones by assisting in protein folding and preventing irreversible protein aggregation (Vierling, 1991; Tyedmers et al., 2010) . In higher plants, analysis of the whole genome sequences identified 19 genes coding for putative sHSPs in Arabidopsis (Waters et al., 1996; Scharf et al., 2001) , 23 genes in Oryza sativa (rice) and 36 genes in Populus trichocarpa (poplar; Sarkar et al., 2009; Waters et al., 2008) . According to amino acid sequence similarity and localization to distinct subcellular compartments, plant sHSPs have been classified into six different subfamilies, including the subfamilies localized to the cytoplasm or the nucleus, and the subfamilies localized to the endoplasmic reticulum, mitochondria and chloroplasts (Vierling, 1991; Waters et al., 1996; Scharf et al., 2001; Sun et al., 2002; Siddique et al., 2008) .
A chloroplast-localized sHSP, HSP21, has been identified in diverse higher plant species, including both dicots and monocots (Vierling et al., 1989; Chen and Vierling, 1991; Vierling, 1991) , and its precursor polypeptide is~5 kDa larger than the mature protein (Vierling et al., 1989; Chen et al., 1990) . Unlike cytoplasmic sHSPs, HSP21 has a unique amphipathic, methionine-rich domain at the N terminus that is predicted to form an amphipathic alpha-helix (Chen and Vierling, 1991) . Several lines of evidence suggested that HSP21 protects the thermolabile photosystem II (PSII) against heat stress (Heckathorn et al., 1998 (Heckathorn et al., , 2002 Wang and Luthe, 2003; Shakeel et al., 2011; Kim et al., 2012) and oxidative stress (Harndahl et al., 1999; Kim et al., 2012) . In addition, studies using the transgenic tomato plants overexpressing HSP21 have demonstrated that HSP21 has a dual role in protecting PSII from oxidative stress and promoting color changes during fruit maturation, whereas no protective effects for the transgene were detected on PSII thermotolerance (Neta-Sharir et al., 2005) . Although numerous studies on HSP21 were reported in a variety of plant species, the specific roles of the chloroplast-localized HSP21 in protecting PSII from heat stress remain elusive. For instance, Heckathorn and co-workers provided evidence to suggest that the chloroplastic HSP21 protects PSII under heat stress by performing in vitro experiments using isolated chloroplasts (Heckathorn et al., 1998) . These observations were not confirmed by others in similar in vitro studies, however (Harndahl and Sundby, 2001) . This difficult situation is probably a result of the absence of knock-out and knock-down mutant lines of HSP21. Interestingly, a recent study using an isolated knock-out mutant of HSP21 suggested that HSP21 interacts with plastid nucleoid protein pTAC5 involving plastidencoded RNA polymerase (PEP)-dependent transcription, and is required for chloroplast development under heat stress (Zhong et al., 2013) . Although the identification of pTAC5 as a targeted protein of HSP21 offers important insight into a better understanding of the physiological roles of HSP21 in chloroplast development, direct evidence of its role in protecting the thermolabile PSII against heat stress remains largely unexplored.
In a previous study, we found that an unrecognized retrograde signaling pathway regulates the heat-responsive activation of the key heat-shock transcription factor HsfA2 and its downstream target gene HSP21 in Arabidopsis (Yu et al., 2012) . In Arabidopsis, the involvement of tetrapyrrole in retrograde signaling was identified in genome-uncoupled mutants (gun) that continuously express photosynthesis-associated nuclear genes (PhANG), including the light-harvesting complex of photosystem II (Lhcbs) and the small subunit of ribulosebisphosphate carboxylase (RBCS) when exposed to oxidative stress (Susek et al., 1993; Mochizuki et al., 2001; Larkin et al., 2003; Strand et al., 2003) . GUN5 encodes the H-subunit of Mg-chelatase that catalyses the first reaction, inserting Mg 2+ into the protoporphyrin ring in the chlorophyll branch of tetrapyrrole biosynthesis (Mochizuki et al., 2001) ; however, the exact mechanism by which the GUN5 signal controls nuclear gene expression remains elusive (Strand et al., 2003; Mochizuki et al., 2008; Moulin et al., 2008) . In this study, we conducted a detailed functional analysis of HSP21 to define its actual contribution to protecting PSII against heat stress by employing the known retrograde signaling-deficient mutant gun5 as a heat stress-sensitized background in which the upregulation of HSP21 in response to heat stress is severely inhibited. We have shown that HSP21 is activated by the GUN5-mediated retrograde signaling pathway, and stabilizes PSII by directly binding to its subunits under heat stress. We further demonstrate that the constitutive accumulation of HSP21 sufficiently rescues the thermosensitive stability of PSII, and survival defects of the gun5 mutant plants, with dramatically improving granal stacking under heat stress. Our results reveal the functionally important properties of HSP21 in chaperoning the PSII subunit proteins in adaptation to heat stress in higher plants.
RESULTS

GUN5 mediates retrograde activation of HSP21 under heat stress
In previous studies, we have revealed a retrograde regulatory pathway for the transcriptional activation of HSP21 and its upstream regulator HsfA2 in response to heat stress in Arabidopsis (Yu et al., 2012) . Given that GUN5 has been characterized as a critical component in the retrograde control of nuclear gene expression in response to oxidative stress (Susek et al., 1993; Mochizuki et al., 2001; Strand et al., 2003) , we investigated whether GUN5 plays a role in the retrograde regulation of heat-responsive activation of HSP21 using the gun5 mutant. The relative expression levels of HSP21 were examined in detached, fully extended wild-type and gun5 leaves challenged with heat treatment by quantitative reverse transcription PCR (qRT-PCR). Upon heat treatment for 2 h, the transcriptional levels of HSP21 increased significantly and peaked at 1 h after treatment in the wild type, whereas the transcriptional activation was severely inhibited in gun5 (Figure 1a) . Meanwhile, the transcript levels of HsfA2 and its other representative downstream target gene, including APX2, GolS1 and several HSPs (Hsp17.7-CII, Hsp18.1-CI, Hsp70 and Hsp101) (Nishizawa et al., 2006) , were also dramatically reduced in the gun5 mutant in response to heat stress ( Figure S1 ). Next, we have examined the heat tolerance of the gun5 mutant at different developmental stages. Given that cellular heat-stress responses were impaired in the gun5 mutant, represented by the inhibited heat-responsive activation of HsfA2, and its downstream target genes, including HSP21, it was not surprising to find that seedlings, mature plants and detached leaves of the gun5 mutant exhibited heat-sensitive phenotypes when compared with wild-type plants after heat treatment and recovery (Figure 1b-d) . The photosynthetic chlorophyll fluorescence parameter Fv/Fm was measured in order to test the harmful effects of GUN5 disruption on the maximal quantum yield of PSII. In agreement with its heat-sensitive phenotypes, the Fv/Fm value of the gun5 mutant was progressively reduced to around 0.55, whereas a typical Fv/Fm value (0.8) was measured for wild-type plants, with only a little decrease observed during heat treatment for 4 h (Figure 1e ). To further investigate the possible ultrastructural alterations of chloroplasts caused by the GUN5 mutation under heat stress, we conducted examinations by transmission electron microscopy (TEM). Electron microscopy analysis of the gun5 mutant leaves revealed severe ultrastructural defects in granal thylakoid membranes. Notably, almost no granal stacks had normally developed in chloroplasts of the gun5 mutant, but stromal membranes appeared normal compared with wild-type chloroplasts under normal growth conditions (Figure 1f) . It has been shown that chlorophyll b-dependent accumulation of lightharvesting complex (LHC) proteins plays an essential role in grana stacking (Tanaka and Tanaka, 2011) . As expected, the chlorophyll b-deficient mutant gun5 has fewer stacked thylakoid membranes. Upon heat treatment, the thylakoid system was severely disrupted with broken and distorted stromal lamellae observed in chloroplasts of the gun5 mutant (Figure 1f ). These results strongly suggest that GUN5 acts as a key player in the retrograde regulatory pathway to regulate the heat-responsive activation of HSP21, which is likely to be required for stabilizing thylakoid membranes in chloroplasts under heat stress.
Constitutively expressing HSP21 complements the heattolerant defects in the gun5 mutant Using the gun5 mutant as a heat-sensitive background, especially for its thermolabile thylakoid membranes, the objective of this study was to define the actual contributions of HSP21 in stabilizing the photosynthetic complexes located in thylakoids under heat stress. Interestingly, the transgenic plants of gun5 overexpressing HSP21 appeared slightly larger with less pale leaves compared with the gun5 mutant, but still maintained a small size relative to wild-type plants (Figure 2a, b) . The mRNA and protein levels of HSP21 in the overexpression line mentioned above were confirmed by qRT-PCR and western blot analysis, respectively, whereas almost no signal could be detected in the gun5 mutant and wild-type plants (Figures 2c, d ). It is somewhat surprising that the constitutive expression of HSP21 almost restored the heat-tolerance capacity of the gun5 mutant to wild-type levels when examinations were conducted with seedlings, detached leaves and mature plants (Figure 2e-g ). It is worth noting that most mature plants of the gun5 mutant had died, whereas almost all of the gun5 plants overexpressing HSP21 survived after heat treatment and recovery (Figure 2g ). These lines of genetic evidence further confirm that HSP21 acts as a dominant player in establishing heat tolerance, especially considering that the gun5 HSP21-overexpression line still retained small size and severe chlorophyll-deficient phenotypes.
HSP21 stabilizes thylakoid membranes in the gun5 mutant under heat stress
To further demonstrate functions of HSP21 in stabilizing thylakoid membranes, we conducted ultrastructural analysis of chloroplasts in control and heat-stressed leaves of the HSP21-overexpression line of gun5 compared with wild type and the gun5 mutant by TEM. As shown in Figure 3a and b, the thylakoid membranes in chloroplasts of the gun5 mutant appeared distorted and began to decompose 4 h after heat treatment, whereas the thylakoid membranes of the gun5 HSP21-overexpression line still retained their initial configurations under heat-stress conditions. Surprisingly, stacked thylakoid membranes were observed in chloroplasts of the overexpression line in the gun5 mutant background in which almost no granal stacks had normally developed in chloroplasts (Figure 3a and b) . Furthermore, the gun5 HSP21-overexpression line maintained relatively higher Fv/Fm values that were slightly lower than that of wild-type plants during heat treatment, but substantial decreases in Fv/Fm values were detected in the gun5 mutant, reflecting a significant improvement in thylakoid stability in the overexpression line ( Figure 3c ). These results strongly support the hypothesis that HSP21 can maintain the structure and organization of thylakoids under heat stress, confirming its role as a stabilizer of thylakoid membranes in vivo. Next, we investigated how the overexpression of HSP21 influences the steady-state levels of photosynthetic complexes embedded in thylakoid membranes of the gun5 mutant under heat-stress conditions. To this end, chlorophyll-protein complexes were separated by blue native PAGE (BN-PAGE). As predicted, a considerable decrease in abundance of photosynthetic complexes embedded in thylakoid membranes was detected in both the gun5 mutant and the gun5 HSP21-overexpression line, compared with that in the wild type under control conditions, which is consistent with the severe defects in chlorophyll biosynthesis reported in the gun5 mutant (Mochizuki et al., 2001 ). More importantly, the level of photosynthetic complexes in the overexpression line was slightly reduced under heatstress conditions, but only trace levels were detected in the gun5 mutant (Figure 4a ). Having established that the overexpression of HSP21 in the gun5 mutant protects its thermolabile photosynthetic complexes against heat stress, we next performed analyses of the BN-PAGE gels in order to further examine the relative levels of the individual core subunits in PSI and PSII supercomplexes, respectively. Immunoblot analyses with antibodies against specific subunits showed that the protein levels of the representative subunits of PSI and PSII, including PsaA, PsaB, D1, D2, CP43 and CP47, were extremely reduced in the gun5 mutant, whereas the abundance of these representative core subunits was largely unchanged (PsaB, D1, D2 and CP47) or slightly reduced (PsaA and CP43) in the gun5 HSP21-overexpression line, compared with the subunit levels in wild-type under heat-stress conditions (Figure 4b-g ). The relative abundance, indicated as the signal intensity of the indicated subunit proteins, such as PsaA, PsaB, D1, D2, CP43 and CP47, for each genotype under control conditions or heat treatment was quantified from two independent experiments ( Figure S2 ). These results further support our conclusion that HSP21 plays an essential role in maintaining the integrity of the thylakoid membrane system under heat stress.
HSP21 is targeted to both the nucleoids and thylakoid membranes in chloroplast
To investigate the subcellular localization of HSP21, HSP21-eYFP signals were examined in mesophyll cell protoplasts isolated from tobacco leaves transformed with W T g u n 5 3 5 S :H S P 2 1 g u n 5
Control Heat W T g u n 5 3 5 S :: H S P 2 1 g u n 5
W T g u n 5 3 5 S :H S P 2 1 g u n 5 W T g u n 5 3 5 S :: H S P 2 1 g u n 5
LHCII trimer 35S::HSP21-eYFP or from leaves of the transgenic Arabidopsis plants carrying 35S::HSP21-eYFP constructs. Consistent with previous studies (Zhong et al., 2013) , we found that the strong fluorescence signals of HSP21-eYFP accumulated in nucleoids in chloroplast ( Figure S3a, b) . Overexpression of HSP21 in the gun5 mutant dramatically stabilizes the photosynthetic complexes embedded in thylakoid membranes under heat stress, which led us to reason that HSP21 might also be localized to thylakoid membranes, acting as a chaperone protein. Next, we conducted detailed localization examinations of HSP21 in chloroplasts by performing immunoelectron microscopy with monoclonal antibodies against HA and gold-labeled second stage antibodies in leaf cells from tobacco leaves transformed with 35S::HSP21-HA. Based on images taken from two independent experiments, immunogold particles were present in both the nucleoids and thylakoid membranes ( Figure S4a , b), indicating that HSP21 has a dual localization pattern in the chloroplast.
HSP21 stabilizes photosynthetic complexes by directly binding to core subunits of PSII
Given that constitutively expressing HSP21 in the gun5 mutant can stabilize photosynthetic complexes embedded in thylakoid membranes where it is located, it is tempting to speculate that HSP21 can act as a molecular chaperone by binding the denaturing subunit proteins of photosynthetic complexes and preventing them from irreversible aggregation under heat stress. Firstly, we tested the interaction possibility of HSP21 with the representative subunits of PSI and PSII complexes in a split-ubiquitin yeast two-hybrid (SUY2H) system. The results showed that the HSP21 interacted with D1, D2 and CP47, but not with PsaA and PsaB (Figure 5a ), indicating that HSP21 is likely to selectively interact with some of the PSII subunit proteins. Based on structure prediction, HSP21 has a unique amphipathic, methionine-rich domain at the N terminus that is predicted to form an amphipathic alpha helix, and retains a more conserved C-terminal region referred to as the a-crystallin domain (ACD; Chen and Vierling, 1991) . As shown in Figure 5b , interaction analysis of D1 with different segments of HSP21 suggests that the Met-rich domain (region III) and the ACD domain (regions I and II) are essential for the interaction with D1. Secondly, co-expression assays were performed to further test whether HSP21 interacts with a representative subunit of PSII, such as D2, via western blot analysis against the purified proteins from the cell lysates of Escherichia coli BL21 (DE3) strain, harboring the co-expression plasmids that contained the coding region of HSP21 with N-terminal His 6 -tagged and coding region of psbD. Notably, strong signals were detected in the bands corresponding to D2 and HSP21, respectively, on the PAGE-gel when bacterial cells were grown at 37°C. By contrast, only strong signals were detected in the band corresponding to HSP21, but not in the band corresponding to D2, when bacterial cells were grown at 16°C (Figure 6a ). These results further suggest that HSP21 interacts with D2 in a temperature-dependent manner. Thirdly, to test and further confirm the above events of the interaction of HSP21 with D1 and D2, we performed in vivo co-immunoprecipitation (CoIP) analysis using a polyclonal antibody raised against HSP21 with leaves detached from the transgenic plants harboring 35S:: HSP21 constructs. Immunoprecipitated D1 and D2 proteins were probed with the corresponding antibodies by immunoblotting. In agreement with the interaction data obtained by the yeast two-hybrid system and co-expression assays in vitro, CoIP assays demonstrate the interaction of HSP21 and D1 or D2 in vivo (Figure 6b ). More importantly, we found that the abundance levels of both immunoprecipitated D1 and D2 proteins were dramatically increased when the detached leaves were treated at 38°C, in comparison with control conditions (22°C; Figure 6b ), which is consistent with the results of co-expression experiments ( Figure 6a experiments. These results further indicate that HSP21 interacts with D1 and D2 more efficiently under heat-stress conditions. Finally, in order to quantitatively characterize the affinity of intermolecular interactions between HSP21 and D1 or D2, the binding dissociation constant (K d ) of HSP21 was measured by microscale thermophoresis (MST) without purification of the target protein from cell lysates. MST is used to determine binding affinities and has been applied for studying ligand binding to fluorescently labeled target proteins (Wienken et al., 2010; Zillner et al., 2012; Khavrutskii et al., 2013) . Given that this method involves the overexpression of the GFP-fused target protein and cell lysates in non-denaturing conditions, we generated transgenic plants harboring the 35S::D1-eYFP or 35S::D2-eYFP constructs ( Figure S5 ). We prepared a titration series with a constant D1-eYFP or D2-eYFP concentration in cell lysates and varying levels of the purified recombinant HSP21 proteins. As shown in Figure 6c , the dissociation coefficient was determined to be K d = 0.67 lM for D1 and 1.32 lM for D2. As a negative control, no normal binding curve could be detected when cell lysates were prepared from the transgenic plants containing the empty vector 35S::eYFP ( Figure S6 ). Taken together, these data demonstrate that HSP21 directly interacts with the D1 and D2 subunits of PSII.
Overexpression of HSP21 enhances plant thermotolerance
To further define the protective features of HSP21 under heat-stress conditions, the effects of overexpressing HSP21 were tested in the wild-type background. Two overexpression transgenic lines were obtained, in which the overexpression levels of HSP21 were validated at both mRNA and protein levels by qRT-PCR and western blots, respectively (Figure 7a, b) . Consistent with the effects of overexpressing HSP21 in the gun5 mutant (Figure 2e-g ), the heat tolerance of the detached leaves from two overexpression lines (OE-2 and OE-5) was enhanced significantly (Figure 7c) , and most mature plants of the HSP21-overexspression lines survived after heat treatment (41°C, 6 h) and recovery, whereas almost all of the wild-type plants had died (Figure 7d ). These findings, in parallel with several lines of genetic evidence based on the heat stress-sensitized mutant gun5, point to a dominant role of HSP21 in establishing heat tolerance, and strongly support the conclusion that HSP21 can achieve effective protection of the client proteins, such as D1 and D2, which are the core subunits of the most thermolabile photosynthetic complex PSII under heat stress.
DISCUSSION
In this study, we have provided several lines of direct evidence supporting the hypothesis that HSP21 protects PSII against heat stress by directly chaperoning its subunits.
Firstly, we have exploited the known retrograde signalingdeficient mutant gun5 as a heat stress-sensitized background to test whether HSP21 stabilizes the thylakoid membranes under heat stress. Although several previous studies have highlighted the role of HSP21 in protecting PSII from heat stress, such a function of HSP21 was not confirmed by others in a few studies using transgenic Solanum lycopersicum (tomato) plants overexpressing HSP21 (Neta-Sharir et al., 2005) or using isolated chloroplasts by performing in vitro experiments (Harndahl and Sundby, 2001) . One possibility for these discrepancies could be that the heat-responsive accumulation of the 'native' HSP21 proteins may partially replace the thermotolerance contributions from the transgene HSP21, or the added HSP21 proteins, when a wild-type background system was used to test the protective function of HSP21 under heat stress. By employing the gun5 mutant, we can restrict the contributions of the 'native' HSP21 proteins at a relatively lower level because the heat-responsive activation of HSP21 was severely inhibited in the gun5 mutant plants (Figure 1a ). On the other hand, the detrimental effects of the GUN5 mutation on the grana stacking of thylakoid membranes is a unique feature, as almost no granal stacks had normally developed in chloroplasts of the gun5 mutant under normal growth conditions (Figure 1f) . Thus, these two features of the gun5 mutant in terms of the inhibited activation of HSP21 and the deficient grana stacks have made this mutant a reliable heat-sensitized background system to define the physiological function of HSP21 in protecting PSII, the most thermolabile photosynthetic complex, against heat stress. It is not unexpected that constitutively expressing HSP21 sufficiently complemented the heat-sensitive phenotypes of the gun5 mutant; however, it truly surprised us that stacked thylakoid membranes were partially restored in the chloroplasts of an HSP21-overexpression line in the gun5 mutant background, in which almost no granal stacks had normally developed in chloroplasts (Figure 3a, b) . It is particularly noteworthy that this partial restoration of grana stacks only appeared under heat-treatment conditions, indicating that heat treatment significantly promotes the capacity of HSP21 in stabilizing granal stacks where the PSII complex is embedded. Secondly, we demonstrate that HSP21 is targeted to both the nucleoids and thylakoid membranes (Figure S4a, b) by performing immunoelectron microscopy, which is consistent with its dual roles in regulating plastidencoded RNA polymerase (PEP)-dependent transcription in nucleoids (Zhong et al., 2013) , and functioning as a stabilizer of thylakoid membranes under heat stress. Thirdly, we found that overexpression of HSP21 protects the steady-state levels of photosynthetic complexes embedded in thylakoid membranes of the gun5 mutant against heat stress by analyzing chlorophyll-protein complexes separated with BN-PAGE (Figure 4) . Finally, we have identified that HSP21 stabilizes photosynthetic complexes by directly binding to the subunits of PSII, such as the core subunit proteins D1 and D2. Taken together, our findings reveal the molecular basis for the HSP21 function in which HSP21 directly chaperones the D1 and D2 subunits of the thermosensitive PSII complex under heat stress.
Considering that the main detrimental effects of heat stress on PSII are the destruction of the manganese cluster of the water-oxidizing complex, as well as damage to the D1 subunit (and to a lesser extent the D2 subunit), which forms the protein core of the PSII reaction center (Berry and Bjorkman, 1980; Sharkey, 2005; Allakhverdiev et al., 2008) , identification of D1 and D2 as the protected target proteins of HSP21 under heat stress is of important significance. It was reported that moderate heat treatment (40°C for 30 min) could cleave just the D1 protein in spinach thylakoids, producing a 9-kDa C-terminal fragment and a 23-kDa N-terminal fragment, whereas D2, CP43 and CP47 remained unchanged (Yoshioka et al., 2006) . Given that heat stress-induced damage is mainly targeted to one of the PSII core proteins, the D1 protein, the importance of our findings lie in highlighting the unique property of HSP21 to directly chaperone the D1 protein during heat stress and support the stability of thylakoid membranes.
It was reported that chlorophyll b-dependent accumulation of LHC proteins plays an essential role in stabilizing thylakoid membranes (Tanaka and Tanaka, 2011) . As shown in Figure 4 , the thylakoid membranes in the gun5 mutant are very sensitive to heat stress, as gun5 is a chlorophyll b-deficient mutant. Our results indicate that constitutive expression of HSP21 improves the stability of thylakoid membranes in the gun5 HSP21-overexpression plants under heat stress, which is in accordance with their enhanced heat tolerance. Variations in the abundance levels of the representative subunits of PSI and PSII, including PsaA, PsaB, D1, D2, CP43 and CP47, in the gun5 HSP21-overexpression plants could arise from differing degradation rates of the specific subunit proteins.
Knowledge about domain arrangements is a prerequisite for understanding the function of HSP21. It has been a very challenging issue to elucidate the structure and function of small HSPs because of their polydispersity and dynamics, both with respect to oligomeric structure and substrate binding (Eyles and Gierasch, 2010) . Unlike human a-crystallin and plant cytoplasmic sHSPs, HSP21 has a longer N-terminal arm containing a unique amphipathic, methionine-rich domain, which is believed to be crucial for model substrate binding (Chen and Vierling, 1991; Lambert et al., 2011 Lambert et al., , 2013 . In this study, our results applying an SUY2H system to investigate the interaction of HSP21 with the representative subunits of PSI and PSII complexes indicate that the strong interaction of HSP21 can be linked to the specific subunits of PSII, such as D1, D2 and CP47, but not with PsaA and PsaB, the core subunits of PSI (Figure 5a ). On the other hand, our results also indicate that the Metrich domain (region III) and ACD domain (regions I and II) are essential for the interaction of HSP21 with the D1 protein (Figure 5b) . Furthermore, by performing co-expression assays we revealed that HSP21 interacts with D2 in a temperature-dependent manner (Figure 6a ). Despite this reasoning, further evidence is needed to clarify how HSP21 functions in vivo. Importantly, we demonstrate that HSP21 Before heat treatment 6-days-recovery after 6-h-heat treatment is able to interact with the specific subunits of PSII, such as D1 and D2, by performing in vivo CoIP analysis using a polyclonal antibody raised against HSP21 with leaves detached from the transgenic plants harboring 35S::HSP21 constructs. In this study, identification of the action sites of HSP21 is a key to defining its exact role in acting as a stabilizer of the PSII complex embedded in thylakoid membranes. Accordingly, the interaction of HSP21 with specific subunits of PSII, such as D1 and D2, allows us to reveal the kinetics properties of HSP21 binding to the D1 and D2 proteins using the transgenic plants harboring the 35S::D1-eYFP or 35S::D2-eYFP constructs, by performing analysis of MST. In accordance with our interpretation based on several lines of in vitro and in vivo evidence, the kinetics of HSP21 binding to the D1 and D2 proteins were determined as important parameters in the characterization of binary interactions in a biological system. It has been proposed that chemical and biological reactions occurring in the thylakoids can be regulated by membrane fluidity (Mizusawa and Wada, 2012; Yamamoto, 2016) . The structure of the thylakoid membranes is dependent on lipids located either at the membrane-exposed surface of protein complexes or at well-defined positions of the proteins (Yamamoto, 2016) . Heat stress-induced inactivation of photosystem II is likely to be affected by the alterations in the fluidity of the thylakoid membranes (Yamamoto, 2016) . Based on the results presented in this study, our findings support a major role of HSP21 in stabilizing the thylakoid membranes by directly interacting with the core subunits of PSII, although we cannot rule out the possibility that HSP21 may function in protecting the fluidity of the thylakoid membranes under heat stress.
It is assumed that multiple signals are generated in plastids in response to a variety of environmental stresses. As an active platform for conducting a variety of metabolic activities, the chloroplast has been proposed to be a major source for retrograde signals in activating heat-responsive gene expression, leading to systemic acquired acclimation under heat stress (Yu et al., 2012; Sun and Guo, 2016) . This study also highlights the importance of the GUN5-mediated retrograde activation of HSP21 in response to heat stress, although the identity of the GUN5 signal that controls nuclear gene expression remains elusive (Strand et al., 2003; Mochizuki et al., 2008; Moulin et al., 2008) . Given that HSP21 functions in protecting the client proteins, the core subunits of the most thermolabile photosynthetic complex PSII, from thermal damage under heat stress, its HsfA2-dependent heat-responsive activation by the retrograde signals derived from the chloroplast is critical for plants to optimally adapt to heat stress. The model we have proposed for the regulation of the heat-responsive activation of HSP21 to protect the most thermolabile photosynthetic complex PSII suggests that plant cells coordinate the nuclear expression of HSP21 according to the functional state of chloroplasts, to optimize the particular needs of chloroplasts in stabilizing photosynthetic complexes under heat stress. More importantly, the different effects of heat stress on gun5 and the gun5 mutant plants overexpressing HSP21 reveal that HSP21 is a master chaperone protein in maintaining the integrity of the thylakoid membrane system under heat stress. Considering that the family of sHSPs exhibits high heterogeneity, both in sequence and size, and comprises the most widespread but also the most poorly conserved family of molecular chaperones (Vierling, 1991; Waters et al., 1996; Scharf et al., 2001; Sun et al., 2002) , systemic approaches to model the functional analysis of sHSPs during and after stress are largely lacking. Our findings suggest that the chloroplast undergoes an autoregulatory loop pathway to satisfy its own increased demand for HSP21 in protection from PSII damage under heat stress by relaying the GUN5-dependent plastid signal(s) to activate the heat-responsive expression of HSP21 in the nucleus. In this context, the chloroplast retrograde regulation of HSP21 is a major adaptation to acute heat stress, which could be an important aspect of the cellular damage control system upon heat stress in plants.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
The wild-type and mutant Arabidopsis thaliana plants (ecotype Columbia) were cultured in a growth chamber or a phytotron under long-day conditions, with 16 h of white light (80 lmol m À2 sec
À1
) and 8 h of dark, and with 60% relative air humidity at 22 AE 1°C. The gun5 mutant (CS806665) was obtained from the Arabidopsis Biological Resource Center (ABRC, http://ab rc.osu.edu/). Additional details can be found in Appendix S1.
Plasmid constructions and plant transformations
Details for plasmid constructions and plant transformations can be found in Appendix S1. The primer sequences for generating the indicated constructs are listed in Table S1 .
Heat-stress treatments
Heat-tolerance assays were performed at different developmental stages using seedlings, mature plants and detached leaves, as described previously (Hong and Vierling, 2000; Larkindale et al., 2005; Yu et al., 2012) , with modifications. Additional details can be found in Appendix S1.
Quantitative real-time RT-PCR
The qRT-PCR analysis was performed as described by Yu et al. (2012) . Additional details can be found in Appendix S1. Primer names and sequences are listed in Table S2 .
Thylakoid membrane preparation, BN-PAGE and immunoblot analyses
Thylakoid membranes were prepared as described previously (Peng et al., 2006) . BN-PAGE and the following immunoblot analyses were performed according to previous studies (Peng et al., 2006; Liu et al., 2012) , with minor modifications. Additional details can be found in Appendix S1.
Transmission electron microscopy
Samples were fixed with 2.5% (v/v) glutaraldehyde overnight at 4°C. Thin sections were examined by a transmission electron microscope (H7650; Hitachi, http://www.hitachi.com/) using a voltage of 120 kV.
Immunoelectron microscopy
Immunooelectron microscopy was performed as described previously (Burton et al., 2006) , with modifications. Additional details can be found in Appendix S1.
Yeast two-hybrid assay
The yeast two-hybrid assay was performed as described previously (Bashline et al., 2013) . Additional details can be found in Appendix S1. The related primer sequences are listed in Table S1 .
Coexpression assay
Coexpression and purification of HSP21 and D2 was performed as described previously (Lin et al., 2014) . Additional details can be found in Appendix S1.
Microscale thermophoresis assay
The microscale thermophoresis assay was performed as described previously (Khavrutskii et al., 2013) . Additional details can be found in Appendix S1.
SDS-PAGE and western blots
Total protein from plants was extracted as described by Chen et al. (2006) . SDS-PAGE electrophoresis and western blots were performed as described previously (Yu et al., 2012) . Additional details can be found in Appendix S1.
Confocal microscopy
Details can be found in Appendix S1.
Chlorophyll fluorescence measurements
In vivo CoIP analyses
Coimmunoprecipitation analyses were performed as described by Gusmaroli et al. (2004) , with minor modifications. Additional details can be found in Appendix S1.
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